Abstract. Resveratrol, a natural phytochemical found in grapes and red wine, has been found to possess protective effects against endothelial cell apoptosis and oxidative damage. Oxidized-low density lipoprotein (ox-LDL) can induce apoptosis of endothelial cells, which is an important initial event in several cardiovascular diseases. However, the effect of resveratrol on ox-LDL-induced apoptosis and oxidative damage, and the possible associated mechanisms remain to be elucidated. In the present study, following exposure to ox-LDL, human umbilical vein endothelial cells (HUVECs) were treated with or without resveratrol. Cell viability was examined using Cell Counting Kit-8 and 5-bromo-2'-deoxyuridine uptake assays, respectively. Cell apoptosis was determined by flow cytometry. Apoptosis-associated markers were detected using western blot analysis. Oxidative stress was analyzed using molecular and biochemical approaches. Resveratrol restored ox-LDL-induced HUVEC injury and apoptosis in a dose-dependent manner. In addition, compared with the control group, ox-LDL treatment decreased the B cell lymphoma-2 (Bcl-2)/Bcl-2-associated X protein ratio, mitochondrial membrane potential and activation of superoxide dismutase, and enhanced the release of mitochondrial cytochrome c into the cytoplasm, the activation of caspase and lipid peroxidation. All these alterations were significantly inhibited following treatment with resveratrol. The results demonstrated that resveratrol prevented HUVEC apoptosis through inhibiting mitochondria-derived oxidative damage. These findings may provide a novel mechanism by which resveratrol prevents against endothelial cell apoptosis.
Introduction
Atherosclerosis (AS) is the primary factor underlying cardiovascular and cerebrovascular diseases with high morbidity and mortality rates (1) . Endothelial dysfunction, which is closely associated with vascular endothelial cell injury, is implicated in a number of pathophysiologic processes, including atheromatous plaque formation, coronary artery diseases, diabetes and hypertension (2) (3) (4) . Of note, vascular endothelial cell injury as a result of apoptosis is essential in the initiation of AS (5) .
The excessive generation of reactive oxygen species (ROS) from oxidative stress is also considered to be crucial in the development of AS, which results in apoptosis or necrosis through the induction of mitochondrial membrane depolarization and caspase signaling cascades in endothelial cells (6, 7) . Oxidized low-density lipoprotein (ox-LDL) is the primary stimuli of oxidative stress, which accelerates smooth muscle cell proliferation, foam cell formation and endothelial cell apoptosis (8) . These pathological alterations contribute to disruption of the endothelium barrier and subsequently facilitate the formation of atherosclerotic plaques (9) . The increased apoptosis of endothelial cells induced by ox-LDL has been suggested to be associated with the binding of lectin-like ox-LDL receptor 1 (LOX-1) (10), activation of the caspase signaling pathway, the imbalance of B cell lymphoma-2 (Bcl-2) and Bcl-2-associated X protein (Bax) (11) and the translocation of nuclear factor-κB (12) .
Dietary polyphenols in human food are the most abundant natural antioxidants, and have been shown to be efficient in treating various diseases, including cancer and cardiovascular diseases (13) . Resveratrol (trans-3,4,5-trihydroxystilbene) is a natural phytochemical found in grapes, red wine and certain Chinese medicinal herbs (14) . It initially generated considerable attention due to its anticancer properties. In addition to cancer therapy, resveratrol possesses critical cardioprotective effects (15) . These biological activities may be associated with its anti-inflammatory, anti-oxidative and immune-modulatory properties (16) . Although increasing evidence supports that resveratrol exerts a protective effect against endothelial cell Resveratrol protects against oxidized low-density lipoprotein-induced human umbilical vein endothelial cell apoptosis via inhibition of mitochondrial-derived oxidative stress apoptosis and endothelial dysfunction through biological processes, including the suppression of superoxide production and regulation of the Lox-1-dependent signaling pathway (17) (18) (19) , the importance of resveratrol in endothelial cell apoptosis has received less attention. Therefore, the aim of the present study was to examine the role of resveratrol in HUVEC apoptosis induced by ox-LDL and further examine its possible mechanisms.
Materials and methods

Materials.
Resveratrol was purchased from Sigma-Aldrich; Merck Millipore (Darmstadt, Germany). The powder was dissolved in dimethyl sulfoxide (DMSO; <0.1% v/v) as a stock solution with a concentration of 200 mg/ml. HUVECs were obtained from KeyGen Biotech Co., Ltd. (Nanjing, China). M199 cell culture medium, fetal bovine serum (FBS), endothelial growth factors (EGFs), penicillin and streptomycin were purchased from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Ox-LDL was obtained from Yiyuan Biotechnologies (Guangzhou, China). 5,5',6,6'-tetrachloro-1,1', 3,3'-tetraethyl-benza-midazolocarbocyanin iodide (JC-1) dye, the Cell Counting Kit-8 (CCK-8) assay and 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) were obtained from Beyotime Institute of Biotechnology (Jiangsu, China). Antibodies targeting 5-bromo-2'-deoxyuridine (BrdU; cat. no. sc-70443; 1:2,000), Bcl-2 (cat no. sc-509; 1:2,000), Bax (cat. no. sc-70407; 1:2,000), cytochrome c (cat. no. sc-514435; 1:2,500), caspase-3 (cat. no. sc-271759; 1:2,500), caspase-9 (cat. no. sc-81589; 1:2,500), caspase-8 (cat. no. sc-6136; 1:2,500), poly (ADP-ribose) polymerase 1 (PARP; cat. no. sc-136208; 1:2,500), cyclooxygenase IV (COX IV) (cat. no. sc-69359; 1:2,500) and β-actin (cat. no. sc-130301; 1:4,000) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). All other reagents were purchased from Sigma-Aldrich; Merck Millipore, unless otherwise specified.
Cell culture and treatment. The HUVECs were cultured in M199 medium supplemented with 10% FBS, 100 µg/ml EGF, 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C in a humidified atmosphere of 95% air; 5% CO 2 . In selected experiments, the HUVECs were incubated with various concentrations of ox-LDL (30, 60, 90, 120, 150 and 180 µg/ml), with or without resveratrol (5, 10, 20, 40, 80 and 120 µg/ml), for 24 h at 37˚C.
Cell viability. Cell viability was measured using CCK-8 and BrdU assays, according to an established method (20) . The HUVECs were seeded in 96-well plates at a density of 2x10 5 cells/well and then exposed to different treatments, as indicated. Finally, CCK-8 (10 µl/well) was added and incubated at 37˚C for 2 h. The absorbance was read at 450 nm using a plate reader (BioTek Instruments, Inc., Winooski, VT, USA). The BrdU assay was measured according to BrdU uptake. The cells were incubated with 50 mM BrdU for 4 h at 37˚C and then fixed with 4% paraformaldehyde. Following being permeabilized with 0.1% Triton X-100 for 5 min, the samples were incubated with anti-BrdU monoclonal antibody at 4˚C overnight, followed by treatment with biotinylated goat anti-mouse IgG antibody (Santa Cruz Biotechnology, Inc.; cat. no. sc-130301; 1:4,000) for 1 h at room temperature. The percentage of BrdU + cells was determined by counting the numbers of stained cells and total cells using a light microscope (Olympus Corporation, Tokyo, Japan).
Analysis of apoptosis. HUVEC apoptosis was measured using an Annexin V-FITC Apoptosis Detection kit (KeyGEN Biotech Co., Ltd.) using flow cytometry according to the manufacturer's protocol. Briefly, the HUVECs were trypsinized and then harvested by centrifugation at 12,000 x g at 4˚C for 15 min. The cells were suspended in a binding buffer of Annexin V-FITC and propidium iodide (PI) at room temperature in the dark for 15 min. The stained samples were then analyzed using flow cytometry (Beckman Coulter, Inc., Fullerton, CA, USA) and the percentage of apoptotic cells was reflected by the Annexin V/PI ratio. Annexin V was set as the horizontal axis and PI as the vertical axis.
Western blot analysis. The HUVECs were collected and lysed in RIPA lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) containing protease and phosphatase inhibitor cocktail. The protein concentration was determined using a BCA protein content kit (Beyotime Institute of Biotechnology). Proteins (40 µg) were separated using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred onto PVDF membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% non-fat milk for 1 h at room temperature and then incubated with the following appropriate primary antibodies overnight at 4˚C: Bcl-2, Bax; cytochrome c, COX IV, cleaved caspase-9, cleaved caspase-3, cleaved caspase-8, cleaved-PARP and β-actin. Following incubation with the secondary antibodies including horseradish peroxidase-conjugated rabbit anti-mouse (cat. no. 58802; 1:1,000; Cell Signaling Technology, Inc.) or horseradish peroxidase-conjugated donkey anti-goat (cat. no. sc-2056; 1:1,000; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature, the signals were determined using an ECL kit and the intensity of the protein bands was analyzed using ImageJ software (version 1.41; National Institutes of Health, Bethesda, MA, USA).
Isolation of mitochondria. Intact mitochondria were isolated using a Mitochondria Isolation kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The cytosolic and mitochondrial fractions were used for western blot analysis. Cox IV was used as the loading control for the mitochondrial fraction.
Mitochondria membrane potential (MMP) analysis. MMP was measured using JC-1, which is an indicator of the loss of MMP. The aggregate red fluorescent form indicates healthy MMP, whereas the green fluorescent monomeric form indicates loss of MMP. The fluorescence was observed using a confocal laser scanning microscope (Zeiss 710; Zeiss GmbH, Munich, Germany) and the fluorescence intensity was calculated using ImageJ software (NIH).
ROS detection. ROS in the HUVECs was visualized using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) as previously described (21) . Briefly, the HUVECs were washed with PBS three times and incubated with DCFH-DA (5 µM) in serum-free M199 medium for 30 min at 37˚C in the dark. The cells were then washed in PBS and images were captured using a fluorescence microscope (BX61; Olympus Corporation, Tokyo, Japan) with an excitation wavelength of 488 nm and emission wavelength of 525 nm. The fluorescence intensity was calculated using ImageJ software (NIH).
Superoxide dismutase (SOD) and lipid peroxidation assay.
The activity of SOD was measured using a commercial kit (Beyotime Institute of Biotechnology) according to the manufacturer's protocol. Additionally, the level of lipid peroxidation was detected using a malondialdehyde (MDA) assay kit (Beyotime Institute of Biotechnology). The activity of SOD and levels of MDA are presented as U/mg protein and nmol/mg protein, respectively.
Statistical analysis. All data are expressed as the mean ± standard error of the mean from at least 4 independent experiments. Data analysis was performed using one-way or two-way analysis of variance using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Resveratrol reverses ox-LDL-induced apoptosis in HUVECs.
To confirm the pro-apoptotic effect of ox-LDL in HUVECs, the cells were treated with various concentrations of ox-LDL (30, 60, 90, 120, 150 and 180 µg/ml) for 24 h, and cell viability was examined using CCK-8 and BrdU assays, respectively.
Compared with the control group, the cell viability of the HUVECs was significantly decreased, in a dose-dependent manner, in the cells treated with ox-LDL (Fig. 1A) . At concentrations of 30, 60, 90, 120, 150 and 180 µg/ml, cell viability decreased from 100.5±8.61% to 92.6±6.7, 83.9±4.8, 70.3±5.2, 61.5±4.1, 62.8±4.9 and 64.8±5.8%, respectively. The maximal inhibitory effect of ox-LDL on cell viability was observed at a concentration of 120 µg/ml. Similar results were obtained using a BrdU uptake assay (Fig. 1B) . A concentration of 120 µg/ml ox-LDL was selected to perform the experiments. The CCK-8 and BrdU assays showed that resveratrol alone had no cytotoxic effect towards the HUVECs at concentrations <120 µg/ml (Fig. 1C and D) . To investigate whether resveratrol protected against ox-LDL-induced cell injury, the HUVECs were treated with ox-LDL (120 µg/ml) for 24 h in the presence or absence of resveratrol, and cell viability was examined. As shown in Fig. 1E , resveratrol attenuated ox-LDL induced cell injury dose-dependently. In accordance with the results of the CCK-8 assay, a similar trend was observed in the BrdU uptake assay (Fig. 1F) . Notably, no significant difference was found between 40 and 80 µg/ml. Thus, 40 µg/ml resveratrol was selected for use in the following experiments. Using Annexin V-FITC/PI staining, the apoptotic rates of the cells treated with ox-LDL in the presence or absence of resveratrol were quantified by flow cytometry ( Fig. 2A and B) . Compared with the control, the percentage of apoptotic cells was significantly increased in the HUVECs treated with ox-LDL. However, the increased apoptotic rate was significantly inhibited following resveratrol exposure.
Effect of resveratrol on ox-LDL-induced expression of Bcl-2 and Bax in HUVECs.
To investigate the mechanism by which resveratrol attenuated ox-LDL-induced apoptosis in HUVECs, the protein expression levels of Bcl-2 and Bax were determined. Bcl-2 is an anti-apoptotic protein, which inhibits programmed cell death; Bax is a pro-apoptotic protein, which drives the cell towards apoptosis (22) . The ratio of Bcl-2/Bax appears to be a determinant of the survival or death of cells. As shown in Fig. 2C-F , ox-LDL treatment decreased the protein expression of Bcl-2 and increased the protein expression of Bax, resulting in a decrease in the Bcl-2/Bax ratio. By contrast, resveratrol attenuated the ox-LDL-induced decrease of the Bcl-2/Bax ratio, which was due to the increased level of Bcl-2 and decreased level of Bax.
Effects of resveratrol on the ox-LDL-induced alteration of MMP.
The loss of MMP is a distinguishing feature during the process of cell apoptosis (23) . To investigate the association between resveratrol and mitochondrial membrane depolarization in HUVECs, the present study examined the MMP using JC-1 staining. Following ox-LDL treatment, the red fluorescence of JC-1 was significantly decreased and the green fluorescence was markedly increased, resulting in an augmented ratio of green/red fluorescence intensity (Fig. 3A and B) . As expected, the increase in the green/red fluorescence ratio induced by ox-LDL was counteracted by resveratrol treatment. These results suggested that resveratrol inhibited ox-LDL-induced apoptosis via the stabilization of MMP.
Resveratrol inhibits HUVEC apoptosis induced by ox-LDL through the mitochondria-dependent pathway.
It has been documented that MMP destabilization leads to the release of cytochrome c, sequentially initiating activation of the caspase cascade, including caspase-3 and caspase-9 (24). The results of the western blot analysis showed that treatment with ox-LDL enhanced the release of cytochrome c from the mitochondria to the cytosol. The increased release of cytochrome c induced by ox-LDL was alleviated by resveratrol exposure (Fig. 3C-F) . Subsequently, the levesl of caspase-9, caspase-3, PARP and caspase-8 cleavage was determined in the HUVECs. The western blot analysis revealed that the cleavage of caspase-9, caspase-3 and PARP were significantly increased following ox-LDL treatment. However, these elevations were inhibited by resveratrol treatment (Fig. 4A-C ). Of note, the level of caspase-8 cleavage remained unaltered in the presence or absence of resveratrol (Fig. 4D ) Taken together, these results indicated that resveratrol inhibited ox-LDL-induced apoptosis through the mitochondria-dependent pathway instead of the extrinsic death receptor-mediated pathway. 
Resveratrol protects HUVECs from oxidative damage induced by ox-LDL.
Oxidative damage can be caused by excessive intracellular ROS generation, a critical contributor to the pathological process of endothelial cell apoptosis and atherosclerosis (7, 10) . To elucidate the effects of resveratrol on the oxidative stress induced by ox-LDL in HUVECs, the present study examined ROS generation using DCFH-DA. As shown in Fig. 5A and B, DCF fluorescence intensity was significantly increased in the presence of ox-LDL, which was alleviated by resveratrol. Similarly, resveratrol decreased ox-LDL-induced lipid peroxidation, indicated by MDA generation (Fig. 5C) . By contrast, the activity of SOD, an antioxidant enzyme, was markedly decreased by ox-LDL. As expected, resveratrol markedly attenuated the decreased activity of SOD (Fig. 5D) . Together, these data suggested that resveratrol inhibited ox-LDL-induced oxidative damage, which may be associated with its protective effect on endothelial cell apoptosis.
Discussion
Epidemiological studies have revealed a negative association between cardiovascular disease-associated mortality and the consumption of red wine (25, 26) . This has been documented as the 'French paradox', which partly indicates that the resveratrol present in red wine may assist in preventing cardiovascular diseases (27) . A number of molecular targets have been found to be modulated by resveratrol in several cardiovascular diseases, including atherosclerosis, hypertension and inflammation (28, 29) . Although resveratrol has been shown to contribute to improvements in endothelial dysfunction, its effect on endothelial apoptosis, the initial event of atherosclerosis, remains to be poorly elucidated. In the present study, it was demonstrated that resveratrol restored ox-LDL-induced endothelial cell apoptosis. The underlying mechanisms included alteration in the activation of Bcl-2/Bax proteins and associated proteins of the intrinsic mitochondrial pathway in HUVECs following ox-LDL treatment. In addition, the present study found that resveratrol attenuated ox-LDL-induced oxidative damage, as evidenced by the attenuation of ROS and MDA generation, and the restoration of SOD activity.
Endothelial cell apoptosis has been implicated in the development of a variety of vascular diseases, including atherosclerosis (5) . Of note, a previous study showed that increased apoptotic endothelial cells were observed in atheromatous plaques, resulting in monocyte adhesion and foam cell formation (7). Thus, the identification of effective regimens with low toxicity for the protection against endothelial cell apoptosis is urgently required. In the present study, it was found that resveratrol dose-dependently reversed ox-LDL-induced HUVEC injury and apoptosis. Of note, resveratrol had no cytotoxic effect on HUVECs at concentrations <120 µg/ml, indicating the safety of resveratrol for clinical use.
Abnormal expression of the Bcl-2 family is usually associated with the apoptotic process, consisting of alterations in the protein levels of anti-apoptotic Bcl-2 and pro-apoptotic Bax. Upon apoptotic stimulation, the expression of Bax is increased, leading to a lower level of Bcl-2 (30) . Bax forms oligomers and transfers from the cytoplasm to the mitochondrial membrane, resulting in mitochondrial membrane depolarization (31) . Subsequently, cytochrome c is released from the mitochondria to the cytosol, and triggers caspase pathway activation (23) . In the present study, it was demonstrated that ox-LDL resulted in an increase in the expression of Bax, and a decrease in the expression of Bcl-2 and the Bcl-2/Bax ratio, all of which were attenuated following exposure to resveratrol. Furthermore, resveratrol attenuated ox-LDL-induced mitochondrial membrane depolarization and cytochrome c release. Consequently, resveratrol inhibited the elevation of caspase-9, caspase-3 and PARP cleavage induced by ox-LDL, suggesting that resveratrol prevented ox-LDL-induced apoptosis in the HUVECs predominantly through the mitochondria-dependent pathway. Of note, neither ox-LDL nor resveratrol affected caspase-8 activation, indicating that the extrinsic death receptor-mediated pathway was not involved in this process.
Oxidative damage induced by excessive ROS generation is known to be a potential inducer of apoptosis, and mitochondrial pathway dysfunction is the major cause of the overproduction of ROS (31, 32) . Additionally, accumulating evidence has indicated that resveratrol improves cardiovascular disorders via reducing oxidative stress and damage (33, 34) . Therefore, the present study aimed to examine whether resveratrol inhibited oxidative damage and subsequently protected HUVECs from apoptosis. The results showed that resveratrol inhibited the ox-LDL-induced increased ROS generation and lipid peroxidation, and decreased SOD activity.
In conclusion, the data obtained in the present study demonstrated the protective role of resveratrol on endothelial cell apoptosis induced by ox-LDL. Resveratrol effectively inhibited ox-LDL-induced apoptosis through inhibition of the mitochondrial pathway and oxidative damage. This novel mechanism may assist in elucidating the functional role of resveratrol for the treatment of endothelial cell apoptosis and atherosclerosis.
